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Abstract We detail the sensitivity of the liquid xenon (LXe)
DARWIN observatory to solar neutrinos via elastic electron
scattering. We find that DARWIN will have the potential to
measure the fluxes of five solar neutrino components: pp,
7Be, 13N, 15O and pep. The precision of the 13N, 15O and
pep components is hindered by the double-beta decay of
136Xe and, thus, would benefit from a depleted target. A
high-statistics observation of pp neutrinos would allow us to
infer the values of the weak mixing angle, sin2 θw, and the
electron-type neutrino survival probability, Pe, in the elec-
tron recoil energy region from a few keV up to 200 keV for
the first time, with relative precision of 5% and 4%, respec-
tively, at an exposure of 300 ty. An observation of pp and
7Be neutrinos would constrain the neutrino-inferred solar
luminosity down to 0.2%. A combination of all flux measure-
ments would distinguish between the high (GS98) and low
metallicity (AGS09) solar models with 2.1-2.5σ significance,
independent of external measurements from other experi-
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ments or a measurement of 8B neutrinos through coherent
elastic neutrino-nucleus scattering in DARWIN. Finally, we
demonstrate that with a depleted target DARWIN may be
sensitive to the neutrino capture process of 131Xe.
Keywords Neutrino, Sun, Dark Matter, Direct Detection,
Xenon
1 Introduction
Current and future LXe direct detection dark matter experi-
ments, such as XENONnT, LZ [1], and DARWIN [2], will
exhibit sensitivity to neutrinos at the ∼MeV scale. Typically,
neutrinos have been regarded as backgrounds in the search
for dark matter (DM) [3, 4]; but, as signals, they present op-
portunities to characterize their sources and pursue physics
beyond the Standard Model (SM) [5–10]. While DM remains
the primary objective, detectors with multi-tonne (t) xenon
targets will seek neutrino signals without the need for addi-
tional investments.
Solar neutrinos, in particular, are observable in dark mat-
ter detectors through two types of interactions: elastic elec-
tron scattering (ES) and coherent elastic neutrino-nucleus
scattering (CEvNS) [11, 12]. In the SM, ES occurs with the
exchange of a Z of W boson. The latter is only possible for
νe, which creates nearly an order of magnitude of difference
3between the interaction rates of νe and νµ,τ . On the other
hand, CEvNS occurs only through the exchange of a Z boson,
with an interaction cross section that is strongly determined
by the target’s neutron number. With their different sensi-
tivity to the solar neutrino flux, these two channels provide
complementarity over a wide range of energies.
Dedicated solar neutrino experiments have made numer-
ous observations of ES with water, heavy water, and liquid
scintillator targets. Borexino independently measured the
fluxes of the lower-energy pp [13], 7Be [14], and pep [15]
components. Subsequently, Borexino presented the first re-
sults from simultaneous spectroscopy of these three compo-
nents above 0.19 MeV, yielding the most precise measure-
ments to date as well as an upper limit on the combined car-
bon, nitrogen and oxygen (CNO) flux that is ∼4 times higher
than predicted in the Standard Solar Model (SSM) [16, 17].
Five experiments, Borexino [18, 19], Super-K [20], Kam-
LAND [21], SNO [22], and SNO+ [23], have measured the
higher-energy 8B flux. COHERENT made the first observa-
tion of CEvNS [24], but astrophysical neutrinos have yet to
be detected in this way.
After decades of investigation, important questions about
our Sun persist. From an astrophysical perspective, the most
salient issue lies in the solar abundance problem. The more
recent low-metallicity (low-Z) AGSS09 SSM [25, 26] would
seem to better represent the photosphere than its predecessor,
the high-metallicity (high-Z) GS98 SSM [25, 27]. However,
a comparison of individual flux measurements with theoreti-
cal predictions tends to favor the high-Z SSM, contradicting
the common assumption that abundances in the radiative
envelope are the same as those in the photosphere. This pref-
erence is further supported by helioseismic data that have
long since disfavored a low-Z model [28]. As carbon, nitro-
gen and oxygen constitute the majority of heavy elements
in the Sun, their neutrino fluxes are the most sensitive to
metallicity. A combined analysis of available measurements
remains inconclusive, but a relative uncertainty of ∼15% on
a combined CNO flux measurement would begin to favor
one model over the other [17, 29, 30]. While less sensitive to
metallicity than CNO neutrinos, an improved measurement
of the 8B flux would also help to distinguish them.
Measurements of electroweak parameters play an im-
portant role in our understanding of the SM and our search
for new physics [31, 32]. Non-standard neutrino interactions
(NSI) might modify the Large Mixing Angle (MSW-LMA)
solution to the solar neutrino problem. Solar neutrinos serve
as one probe to observe or set bounds on NSI. Two of these pa-
rameters, the weak mixing angle (sin2 θw) and the νe survival
probability (Pe), may be measured with the ES process. On
one hand, atomic parity violation in cesium at 2.4 MeV yields
the lowest energy at which sin2 θw has been measured [33].
On the other, Borexino has provided the lowest-energy mea-
surement of the νe survival probability extracted from the
tail of the proton-proton distribution (>0.19 MeV) [17]. No
experiment, thus far, has been able to access energies below
these respective thresholds. DARWIN will measure sin2 θw
and Pe for the first time in the energy region [1,200] keV.
In this manuscript, we highlight the efficacy with which
DARWIN will shed light on solar and neutrino physics
through elastic electron scattering. We first detail its sen-
sitivity to each component of the solar neutrino flux. Then,
we illustrate the precision with which DARWIN could re-
construct sin2 θw and Pe in the low energy range [1,200] keV.
Lastly, we demonstrate how a combined analysis of neu-
trino flux measurements would resolve the solar abundance
problem.
2 The DARWIN Experiment
The DARWIN observatory is a next-generation dark matter
experiment that will operate with 50 t (40 t active) of xenon
in a cylindrical, dual-phase time projection chamber (TPC)
that is 2.6 m in both height and diameter [2]. The TPC will
be placed underground in a double-walled cryostat vessel
shielded by water Cherenkov and neutron vetoes that enable
us to observe cosmogenic muons and their progeny. The TPC
will be equipped to read out both light and charge signals.
A charged particle that interacts in liquid xenon (LXe)
produces photons (scintillation) and electrons (ionization).
The TPC promptly detects these photons as an “S1" scin-
tillation signal with photosensors instrumented in arrays at
the top and bottom of the target region. An applied electric
field drifts the electrons upward and extracts them into the
gas phase, where electroluminescence generates an amplified
“S2" scintillation signal. The radial position of an interaction
is reconstructed with the S2 light pattern in the top array,
while its depth is inferred from the time delay between S1
and S2. Together, S1 and S2 reconstruct the energy of the
event with excellent resolution. The ratio S2/S1 discriminates
between scatters off electrons and those off nuclei. The com-
bination of position, energy and discrimination allows for
strong event selections to mitigate sources of background.
The most troublesome background for a solar neutrino
search (ES) arises from the 222Rn emanated by detector com-
ponents. More precisely, the 214Pb daughter decays directly
to 214Bi with a branching ratio of 11%, emitting a lone β
with an energy up to Q= 1.02 MeV [34]. Otherwise, 214Pb
decays to an excited state of 214Bi that emits a γ coincident
with the β to create a sharp rise above the lone-β continuum.
There are several excited states that contribute, starting at
0.274 MeV, as illustrated in Figure 1. With a long half-life
(3.8 d), 222Rn distributes itself homogeneously in the LXe
volume, such that it is not reduced with the deliberate selec-
tion of an inner volume, known as fiducialization. The detec-
tor materials in DARWIN will be carefully selected for low
radon emanation through a dedicated radioassay program, as
4in XENON1T/nT [35]. DARWIN will deploy a radon distil-
lation column to further reduce the radon level. Cryogenic
distillation was successfully applied in XENON100 [36] and
XENON1T [37] to reduce radon levels. For DARWIN, we
assume a target 222Rn activity of 0.1 µBq/kg.
A second background comes from intrinsic 85Kr, a β
emitter (Q= 0.687 MeV; T1/2 = 10.8 y) that remains in the
xenon volume after extraction from the atmosphere. As with
222Rn, 85Kr homogeneously distributes itself in the LXe vol-
ume. XENON1T has already demonstrated a concentration
natKr/Xe < 360 ppq [38]. Krypton may be further reduced at
any time via online distillation, as applied in XENON1T [37]
We assume a concentration of 2 ppq in this study, but find
that it has a negligible effect even at its current level.
Long-lived radionuclides in detector materials constitute
a third class of background events. The decay chains of 238U,
232Th and 235U generate various α and β particles as well
as γ rays. The main contributors of γ rays from these three
chains are 214Bi (2.45 MeV) and 208Tl (2.61 MeV), including
the background induced by decays in the non-instrumented
xenon volume around the TPC. Additional γ rays are emitted
in the decays of 137Cs (0.662 MeV), 40K (1.46 MeV), and the
daughters of 60Co (1.17 and 1.33 MeV) and 44Ti (2.66 MeV).
The α and β particles do not travel far and thus are elim-
inated with fiducialization. The γ rays, however, penetrate
the innermost region, where they experience photoabsorption
or Compton scattering. The more notable contributors have
historically been the stainless steel cryostat and photosen-
sors [35]. We include a materials background component
derived from the DARWIN simulation in [39], which con-
siders a more radiopure titanium cryostat. The simulation
is adapted to this case by incorporating position-dependent
multiscatter resolution, 3-15 mm, and selecting events within
a 30 t super-ellipsoidal fiducial volume that minimizes the
contribution of these Compton scatters below 200 keV. With
10 live years of data, we would accrue 300 tonne-years (ty)
of exposure, compared to the 200 ty goal for the dark matter
search.
Finally, unstable xenon isotopes pose a potential back-
ground in the search for ES of solar neutrinos. The iso-
tope 136Xe, which occurs naturally with an abundance of
8.9%, undergoes double-beta decay (Q= 2.46 MeV; T1/2 =
2.17 ·1021 y). The resultant spectrum circumscribes the en-
tire signal region of interest. Furthermore, the muon-induced
neutron capture process of 136Xe creates 137Xe, which then
beta decays (Q = 4.16 MeV; T1/2 = 3.82 min). The impact
of 137Xe proves to be negligible at the level of 10−3 per
tonne-year per keV, three orders of magnitude lower than
136Xe double-beta decay [39]. These 136Xe background con-
tributions are removable through isotopic depletion; how-
ever, depletion would diminish the prospects for a neutri-
noless double-beta search with 136Xe in DARWIN [39].
Lastly, 124Xe decays via double electron capture (T1/2 =
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Fig. 1 (top) The electron recoil spectra of five solar neutrino compo-
nents, neutrino capture on 131Xe (solid), and five backgrounds (dashed)
up to 1.5 MeV. The solar components follow from the high-Z SSM
model. The materials and 136Xe events in [1.5,3] MeV (not shown) are
also used in the statistical analysis. The materials component includes
events in a 30 t fiducial volume. (bottom) A zoomed spectrum of the
lower energy components.
1.4 · 1022 y) [40, 41], as first observed in XENON1T [42].
The subsequent cascade of Auger electrons and X-rays is ob-
served as a single peak at 64.3 (36.7; 9.8) keV with a branch-
ing ratio of 0.75 (0.23; 0.017), following the fast atomic
process and their sub-millimeter spread in liquid xenon. With
an abundance of 0.1%, one expects a total of 228 double
electron capture events per tonne-year.
3 Solar Neutrinos in DARWIN
DARWIN will be optimized for the detection of low-energy
nuclear recoils. This fact also implies that DARWIN will be
well equipped to detect ES with high efficiency and excellent
energy resolution. In the following, we calculate the expected
event rates for the individual solar components.
The spectral fluxes of pp, 13N, and 15O neutrinos are
represented with the β form,
dΦi
dEν
=ΦiA(xi−Eν)[(xi−Eν)2−m2e ]
1
2 E2ν , (1)
where xi ≡Qi+me, Qi and Φi are the characteristic maximal
energy and the flux scale of neutrino component i, respec-
5component Φ [cm−2s−1] σ [%] Q[keV] Pe
pp 5.98·1010 0.6 420 0.55
7Be 4.93·109 6 862, 384 0.52
13N 2.78·108 15 1200 0.52
15O 2.05·108 18 1732 0.50
pep 1.44·108 1 1442 0.50
Table 1 The characteristic values of the flux scales [43], maximum
neutrino energies and MSW-LMA νe survival probability [44] used in
this study.
tively, me is the electron mass, A is the corresponding normal-
ization factor, and Eν is the energy of the emitted neutrino.
In contrast, 7Be and pep neutrinos are monoenergetic. The
7Be neutrinos are emitted at 0.862 MeV (0.384 MeV) with a
branching ratio of 90% (10%), while the pep neutrinos have
an energy of 1.44 MeV. The flux scales are taken from the
high-metallicity solar model [43].
These spectral fluxes are convolved with the differential
cross section of elastic electron-neutrino scattering:
dRi
dEr
= Ne∑
j
∫
Pe j
dΦi
dEν
dσ j
dEr
dEν , (2)
where Pe j is the oscillation probability of lepton flavor j to
the electron neutrino, Ne is the number of target electrons per
tonne of xenon, and Er is the energy of the induced recoil.
The flux scales, maximum neutrino energies and survival
probabilities are listed in Table 1. The survival probabili-
ties follow the MSW-LMA solution at low energies in the
vacuum-dominated regime [44]. The differential cross sec-
tion is given by [45, 46]
dσ
dEr
=
2G2Fme
pi
[
g2L+g
2
R
(
1− Er
Eν
)2
−gLgRmeErE2ν
]
, (3)
with the coupling parameters gL = sin2 θw − 12 and gR =
sin2 θw. For the νe, gL → gL+ 1 to account for its charged
current interactions. We assume sin2 θw = 0.2387 [47]. We
incorporate a step approximation according to the binding
energies of electrons in the shells of a xenon atom, which
leads to a small suppression of event rates below 35 keV.
We also apply the Gaussian energy resolution obtained in
XENON1T [48],
σ(Er)
Er
=
0.3171√
Er[keV]
+0.0015. (4)
The pp neutrinos constitute the most prominent com-
ponent due to the low energy threshold achievable in LXe
TPCs. Here, we assume a threshold at 1 keV, which yields
an integrated rate of 365 events per tonne-year. This high
rate presents an opportunity to probe sin2 θw for the first time
below ∼200 keV, to improve upon the precision of existing
measurements of Pe at low energies, and to further constrain
the neutrino-inferred measurement of solar luminosity.
The 7Be neutrinos comprise the second most prominent
component. The larger branch contributes 133 events per
tonne-year, while the smaller one contributes 7.6 events. The
7Be flux is more sensitive to solar metallicity and, as such, it
may be combined with a high-precision measurement of the
pp flux to make an initial assessment of different metallicity
models.
The third most prominent components are those of 13N,
15O, and pep, which induce 6.5, 7.1 and 7.6 events per tonne-
year, respectively. Despite having the lowest rate, 13N events
fall within a narrower energy range than either 15O or pep,
such that the 13N spectrum rises above both below∼0.4 MeV.
Consequently, it is possible for DARWIN to make the first
statistically significant observation of CNO neutrinos by ex-
ploiting higher statistics at lower energies. As the most sensi-
tive to metallicity, being 30% higher in the high-Z scenario,
measurements of the 13N and 15O fluxes would greatly en-
hance the capability to distinguish between solar models. The
rates of 17F, 8B and hep neutrinos are negligible.
Finally, we consider neutrino capture on 131Xe (Q =
0.355 MeV), the only isotope with a sufficiently low Q-value
to exhibit sensitivity to solar neutrinos. The expected ob-
servable signature consists of two signals: a prompt electron
and a combination of X-rays and Auger electrons that are
emitted together in the subsequent electron capture (EC)
decay of 131Cs+ (T1/2 = 9.69 days). The prompt electrons
would create a spectrum that mirrors those of the spectral
neutrino fluxes shifted to lower energies by the Q-value of
this reaction (Ee = Eν −Q). The EC decay would appear as
a Gaussian peak at 0.030 MeV. The long half-life of the EC
process precludes delayed coincidence of these two signa-
tures. The contribution of each solar component (including
8B) follows from [49]. There are three distinct peaks visi-
ble in Figure 1. The two higher energy peaks come from
capturing the monoenergetic 7Be and pep neutrinos; while
the peak below 50 keV is the combination of EC, the lower
branch of 7Be, and the tail of the pp spectrum. With a 131Xe
abundance of 21.2%, we expect 1.23 neutrino capture events
per tonne-year.
4 Flux and Luminosity
Having defined the signal and background models, we as-
sess DARWIN’s sensitivity to each of the neutrino com-
ponents. We employ a full spectral fit of all components
up to 3 MeV. A set of maximum likelihood estimators is
determined for the 5-dimensional set of flux scale parame-
ters, f= { fpp, fBe, fN , fO, fpep}, and the neutrino capture rate,
fcap, given the neutrino mixing parameters, θ = {sin2 θw,Pe}:
P(n j|µ j(f, fcap)) =L (f, fcap) =∏
j=1
µn jj
n j!
e−µ j . (5)
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Fig. 2 The measured relative uncertainty of each solar neutrino compo-
nent and neutrino capture as a function of exposure. The median fluxes
of the high-Z model are assumed. Solid (dashed) curves correspond to
a natural (depleted) target. A log scale of the pp and 7Be components is
shown in the bottom panel for clarity.
These parameters predict the average number of events in
the jth energy bin, µ j, while the observed number of events
in that bin, n j, is randomly sampled. The background-only
region (>1.5 MeV) is used to constrain the uncertainties in
the normalization of the materials and 136Xe backgrounds
at lower energies. All components are left free in the fitting
routine.
We run toy experiments for each exposure in our range of
interest, [1,1000] (ty), to ascertain the expected relative 1σ
uncertainties, σi, for each neutrino component. These values
are shown in Figure 2 normalized to their respective median
high-Z values. The solid lines correspond to a natural target,
while the dashed lines indicate a target depleted of 136Xe by
two order of magnitude.
With 1 ty, DARWIN would quickly match the precision
of the pp flux (10%) currently set by Borexino. A subpercent
measurement would follow with 20 ty, ultimately reaching
0.15% at 300 ty. Similarly, DARWIN would match Borex-
ino’s 7Be measurement (2.7%) within 60 ty and then achieve
1% precision with 300 ty. The 13N and 15O neutrinos would
also be attainable. The former (latter) would require 100 ty
(200 ty) to reach 3σ detection with a natural xenon target.
Finally, DARWIN could observe the pep component and
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Fig. 3 (top) The 68% confidence regions of sin2 θw and Pe for two
exposures and the two target compositions. (bottom) The νe survival
probability versus neutrino energy under the high-Z SSM. Dots repre-
sent the solar measurements of pp (green), 7Be (blue), pep (orange),
and 8B (red) from Borexino [17, 19]. The upward (downward) triangle
shows a measurement of 7Be (8B) from KamLAND (SNO) [21, 22].
The open point indicates that DARWIN could enhance the precision of
the νe survival probability to 0.02 below 200 keV using pp events. The
pink band represents the 1σ prediction of the MSW-LMA solution [44].
neutrino capture with 60 ty and 200 ty, respectively, using a
necessarily depleted target.
The solar luminosity inferred from solar neutrino data,
L,ν/L = 1.04+0.07−0.08, agrees with the measured (photon-
inferred) solar luminosity within 7% [29]. The pp reaction
contributes most strongly to the total energy generation in
the Sun. Thus, high-precision measurements of the pp and
7Be components, which respectively comprise 92% and 7.4%
of the solar lumonisity, would reduce this uncertainty. With
the precision levels shown here, DARWIN would achieve an
uncertainty of 0.2% on the neutrino-inferred solar luminosity.
5 Electroweak Parameters
Following a precise measurement of the pp component, we
may infer the values of the weak mixing angle and the νe
survival probability, as they directly affect the shape of its
observed recoil spectrum. We adopt a likelihood function in
which the two electroweak parameters are free to vary:
P(n j|µ j(θ)) =L (θ). (6)
7The presence of 7Be neutrinos only slightly worsens the
sensitivity to these parameters, while the other neutrino com-
ponents have a negligible effect. The uncertainty in the pp
flux contributes negligibly to the total uncertainty of sin2 θw
and Pe.
We find the maximum likelihood estimators of sin2 θw
and Pe in a series of toy experiments. From the resultant
2D distribution, we determine the 68% confidence regions
as shown in Figure 3 (top) for four scenarios based on two
exposures (30 and 300 ty) and two target compositions.
In the case of a natural target, DARWIN would recon-
struct sin2 θw and Pe with uncertainties as small as 0.0122
(5.1%) and 0.022 (4.0%), respectively. Alternatively, with
a depleted target, the uncertainties would shrink to 0.0099
(4.2%) and 0.017 (3.1%). A measurement of sin2 θw would
be the first in this energy range, albeit with an uncertainty
roughly five times higher than those at higher energies. A
measurement of Pe would improve upon the existing one
from Borexino by an order of magnitude. This projection is
shown in Figure 3 (bottom) with solar neutrino measurements
from Borexino [17, 19], KamLAND [21], and SNO [22].
6 Solar Abundance Problem
DARWIN may utilize a combination of neutrino flux mea-
surements to probe the metallicity of the Sun. We repeat the
sensitivity assessment of the flux measurements, f described
previously. In this instance, however, we allow the flux val-
ues derived from the high- and low-Z models to vary from
their median values according to their respective theoretical
uncertainties. We put these uncertainties, σi, into a multivari-
ate (Gaussian) simulation characterized by a 5-dimensional
matrix Σ =
[
ρi jσiσ j
]
that accounts for all correlations of
the flux components, ρi j. The correlation values are based
on [43]. For each trial at a given exposure, we use the ran-
domly sampled f to calculate its (squared) Mahalanobis dis-
tance δ 2 = (f−1)T ·Σ−1 · (f−1) [50], which quantifies the
deviation from the true values. The simulation is repeated
for both the high- and low-Z models. A p-value is calculated
for each iteration of the high-Z simulation by integrating the
low-Z distribution above the high-Z Mahalanobis value. We
then take the median p-value from the final distribution.
Figure 4 displays the significance corresponding to these
p-values as a function of exposure for the first pair of mea-
surements, pp and 7Be, and for each subsequent addition of
the other components. The 13N component only modestly
increases the exclusion potential due to the large uncertain-
ties in both theory and experiment. The combination of both
13N and 15O, however, yields a significant gain above ∼10 ty.
The pep component enhances the exclusion to 2.1σ (2.5σ )
with a natural (depleted) target at an exposure of 300 ty.
DARWIN would remain limited by the 136Xe background
with a natural target, but with depletion it would distinguish
10 100
Exposure [tonne year]
0.0
0.5
1.0
1.5
2.0
2.5
Di
st
in
ct
io
n 
of
 M
et
al
lic
ity
 M
od
el
s [
]
pp+Be
+N
+O
+pep
Fig. 4 The median significance with which the the high- and low-Z
models may be distinguished is calculated for the first pair of flux mea-
surements, pp and 7Be, as a function of exposure. Additional cases add
13N, 15O and pep sequentially. The solid (dashed) curves correspond to
a natural (depleted) xenon target.
between the high- and low-Z SSMs up to the theoretical un-
certainties. The significance illustrated in Figure 4 may be
further improved either with a measurement of the solar 8B
flux via CEvNS in DARWIN or with independent measure-
ments from other experiments.
7 Outlook
The DARWIN observatory will feature sensitivity to five
components of the solar flux via ES. A low energy threshold
of 1 keV allows DARWIN to observe the majority of pp neu-
trinos, which have (mostly) eluded contemporary neutrino ob-
servatories. With 300 ty, we would be able to achieve 0.15%
precision in the pp flux measurement, approximately two
orders of magnitude better than the current precision from
Borexino. DARWIN would improve upon existing measure-
ments of the 7Be flux by a factor of 3. These measurements,
in turn, would reduce the uncertainty on the neutrino-inferred
solar luminosity to 0.2%. The pep neutrinos may be observed
with 3σ significance within the lifetime of the experiment,
depending on the target composition. And, with only three
years of data, DARWIN would make an observation of CNO
neutrinos with 3σ significance.
Precise measurements of these solar components further
extend the physics reach of DARWIN. The high-statistics pp
events would provide the means to measure both sin2 θw and
Pe in an energy region that is yet to be probed. The better
precision of Pe, in particular, would be up to one order of
magnitude better than the current lowest-energy measure-
ment from Borexino. All obtained measurements and limits
on the fluxes would together provide information to distin-
guish between the high- and low-Z SSMs. These capabilities
are dependent on the target composition. Only with a target
depleted of 136Xe by approximately two orders of magnitude
would DARWIN make such precise measurements via ES or
8exploit them to distinguish between solar models. DARWIN
may further enhance its distinction power with a measure-
ment of the 8B flux via CEvNS. The forecast for such a mea-
surement is highly sensitive to the achieved energy threshold
for nuclear recoils, and it is left for a future study. A pow-
erful physics case exists for the pursuit of solar neutrinos
in DARWIN, and it comes without the need for additional
investment beyond the option of depletion.
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